High-throughput screening of 100,000 lead-like compounds led to the identification of nine novel chemical classes of trypanothione reductase (TR) inhibitors worthy of further investigation. Hits from five of these chemical classes have been developed further through different combinations of preliminary structure-activity relationship rate probing and assessment of antiparasitic activity, cytotoxicity, and chemical and in vitro metabolic properties. This has led to the identification of novel TR inhibitor chemotypes that are drug-like and display antiparasitic activity. For one class, a series of analogues have displayed a correlation between TR inhibition and antiparasitic activity. This paper explores the process of identifying, investigating, and evaluating a series of hits from a high-throughput screening campaign.
Parasitic protozoa of the family Trypanosomatidae are the causative agents of many significant tropical diseases, including African trypanosomiasis, Chagas' disease, and leishmaniasis. Human African trypanosomiasis is caused by the two pathogenic parasite subspecies Trypanosoma brucei rhodesiense and Trypanosoma brucei gambiense. In the 2004 World Health Report (http://www.who.int/whr/2004/en/index.html), African trypanosomiasis was estimated to cause 48,000 deaths and a disease burden of 1.5 million disability-adjusted life years (DALYs) annually; Chagas' disease, 14,000 deaths and a disease burden of 0.7 million DALYs annually; leishmaniasis, 51,000 deaths and a disease burden of 2.1 million DALYs annually.
Treatment of African trypanosomiasis is difficult, especially in its advanced stage, when it infects the central nervous system. Only a few effective treatments are available: suramin and pentamidine for the disease in its early stage, and eflornithine and melarsoprol for late-stage treatment (Fig. 1A) . These treatments are less than ideal, because they are difficult to administer, toxic, and expensive (14) . New treatments in clinical trials include the oral diamidine prodrug pafuramidine (9) and nifurtimox-eflornithine combination therapy (43) (Fig.  1A) . The protozoan parasite Trypanosoma cruzi is the causative agent of Chagas' disease, which is found in 18 countries in Latin America. There are currently two significant therapies for Chagas' disease: nifurtimox and benznidazole (Fig. 1A ) (21) . These drug treatments are ineffective at preventing the development of chronic Chagas' disease and at treating the chronic disease (42) , and they induce a number of adverse effects. Leishmaniasis is caused by numerous parasitic protozoan subspecies of the genus Leishmania and is endemic in 88 countries on four continents (www.who.int/tdr/diseases/default .htm). The most common form of leishmaniasis is cutaneous leishmaniasis, which causes multiple self-healing lesions, and the most serious form is visceral leishmaniasis, which is fatal if left untreated. Forms of leishmaniasis other than cutaneous leishmaniasis are very difficult to treat. The most common therapies are the pentavalent antimony drugs meglumine antimoniate and sodium stibogluconate (Fig. 1A) , which are difficult to administer and require long treatment regimens. An increase in the incidence of drug resistance has been reported (11) , requiring the use of prohibitively expensive drugs, such as liposomal amphotericin B (49) (Fig. 1A) . Miltefosine, initially developed as an anticancer agent, is a new therapy against leishmaniasis; it was registered in India in 2002 and in Germany in 2004 as a topical formulation (4) and has recently been licensed in India as an oral treatment (46) (Fig. 1A ). Potential problems that could limit its application are its teratogenic effects and high production costs (3) . Paromomycin, an aminoglycoside antibiotic, is currently being developed for visceral leishmaniasis in a joint effort by a group of nonprofit organizations (26) (Fig. 1A) . Hence, there is an urgent need for the development of new, cost-effective antitrypanosomiasis drugs with minimal side effects.
Trypanosomatids differ from nearly all other eukaryotes and prokaryotes in their specific thiol redox metabolism (17) . The intracellular reducing environment is maintained by a unique thiol redox system, where the glutathione-glutathione reductase (GR) couple found in mammalian cells is replaced by the (bis-glutathionyl)spermidine trypanothione-trypanothione re-ductase (TR) couple. TR, the most thoroughly studied enzyme of the trypanothione redox metabolism (28) , is a key enzyme of the parasite antioxidant defense (44), does not occur in the mammalian host, and has been found to be essential for all trypanosomatids currently studied (15, 31, 48) . The 3-dimensional structure of TR in free form (24, 30, 54) , as well as complexed with substrates (2, 6, 7) and competitive inhibitors (18, 25) , has been solved. TR and human GR have similar catalytic mechanisms; 14 of the 19 amino acid residues close to the binding site are conserved. However, they are specific to their respective disulfide substrates (36) (Fig. 1B) . GR has a hydrophilic, positively charged region in its active site that interacts with the glycine carboxylates of glutathione disulfide, while TR has a larger binding site, with a hydrophobic and negatively charged region with which the spermidine moiety of trypanothione disulfide (T[S] 2 ) binds. The absence of TR from the mammalian host and the sensitivity of trypanosomatids to oxidative stress make TR an attractive target for trypanosomiasis therapeutics (24, 29) .
Since the identification of TR and its potential application as a target for a new chemotherapeutic approach to trypanosomiasis and leishmaniasis in 1985 (17) , a significant number of TR inhibitors have been identified (for reviews, see references 1, 28, 33, 39, 44, and 51) . Published TR inhibitors can be loosely classified into five groups: substrate analogues, polyamine and peptide inhibitors, tricyclic compounds, irreversible inhibitors, and subversive substrates (Fig. 1C) . Studies of the substrate specificity of TR have found that the active site tolerates noncognate substrate architecture and removal of the disulfide moiety (36) , such that a number of nonreducible acyclic and cyclic substrate analogues (13) display TR inhibition. Polyamine-and peptide-based TR inhibitors are generally structurally related to spermine and spermidine and have been shown to be effective competitive inhibitors (32) . A series of tricyclic compounds based on the known antidepressant imipramine and the phenothiazine-based neuroleptics, as well as the antiprotozoal drug mepacrine (quinacrine), have been explored. Aminodiphenyl sulfides are structurally related to the phenothiazine-based neuroleptics and have been found to retain TR activity while losing the undesired neuroleptic activity displayed in the tricylic compounds. Dimerization and the introduction of additional hydrophobic side chains have been shown to increase the potency of aminodiphenyl sulfides but also to introduce undesirable ADME (absorption, distribution, metabolism, and excretion) properties (20) . A number of irreversible inhibitors, such as carmustine [1,3-bis(2-chloroethyl)-1-nitrosourea], ajoene, and various platinum complexes, have been found to be good inhibitors of TR, yet their activity is often nonselective (18, 40) . Trivalent antimony compounds derived from the pentavalent prodrugs Glucantime and Pentostam are also effective inhibitors of TR (12) and play a key role in cell killing (52) (Fig. 1A) . Subversive substrates, also known as turncoat inhibitors, such as nitrofurans and naphthoquinones, are good TR inhibitors. However, their redox cycling activity is also nonselective. General trends of TR inhibitors have revealed that the most effective and selective inhibitors are amines that contain hydrophobic groups. Unfortunately, little clear correlation has been found between enzyme inhibition and antiparasitic activity for the TR inhibitors investigated, and prediction of specific absorption rates (SAR) for TR inhibitors has been reported to be difficult. This has been postulated to be due to the extended active site (ϳ 22 by 20 by 28 Å), allowing many different binding modes (19) , but the matter is also complicated by the possibility of differential transport effects in whole-parasite assays. As a target, TR is also problematic in that competitive inhibition of TR can be reversed by the accumulation of the endogenous substrate, and more than 90% of TR activity must be inhibited before trypanosome growth is stalled (31) .
There is still an urgent need for the identification of new, structurally novel TR inhibitors suitable for development into antiparasitic drugs. The objective of this work, therefore, was to identify novel classes of drug-like TR inhibitors with potent and selective trypanocidal activity by high-throughput screening (HTS) of a diverse chemical library.
Here we disclose several new classes of compounds with TR-inhibitory activity at low micromolar concentrations, and we discuss the surprising observations that several of these had unexpected potency and selectivity profiles in whole-cell antiparasitic assays, probably via mechanisms other than those mediated by TR inhibition.
MATERIALS AND METHODS
TR was supplied in a recombinant form (from Trypanosoma cruzi) by Alan Fairlamb's lab at The University of Dundee, Dundee, Scotland. T[S] 2 was purchased from Bachem. 5,5Ј-Dithiobis-(2-nitrobenzoic acid) (DTNB; also known as Ellman's reagent) and NADPH were supplied by Sigma-Aldrich. The assay buffer components HEPES, bovine serum albumin (BSA), and Tween 20 were also purchased from Sigma-Aldrich. EDTA, also used for the buffer, was bought from BDH. Library compounds were preprepared in 50-l V-bottom MatriCal polypropylene plates. The assay was carried out in 384-well SpectraPlates (clear; flat, square bottom; medium or high binding) from Perkin-Elmer Life Sciences. The plates used as MiniTrak reagent reservoirs were deep-well MatriCal plates and were also purchased from Perkin-Elmer Life Sciences. The MiniTrak IX and Fusion instruments used to automate and read the assays were purchased from Perkin-Elmer Life Sciences.
A TR enzyme assay described by Hamilton et al. (22) was adapted for highthroughput TR inhibition studies. The principle of the assay involves the formation of T[SH] 2 , which is coupled to the reduction of DTNB, forming a yellow thionitrobenzoate (TNB) ion, and the reoxidation of the T[SH] 2 product back into the T[S] 2 substrate (Fig. 2) . This method maintains a constant substrate concentration, saving on reagents, and enables the linearity of the assay for as long as 60 min, with a sensitivity fourfold higher than that of the classical assay method at 340 nm (8) . Production of TNB may thus be measured continuously with a microplate absorbance reader. The coupled-enzyme assay was used to measure the kinetics of the TR-catalyzed reaction.
Standard procedures were used to determine kinetic parameters. The apparent K m (K m app ) and V max were determined by a nonlinear regression fit of the data to the Michaelis-Menten equation using XLfit4 (IDBS) software.
The following standard assay protocol was then established. Twenty microliters of a solution containing 20 mU/ml TR (from T. cruzi), 12 M T[S] 2 , and 200 M DTNB in assay buffer (40 mM HEPES, 1 mM EDTA, 0.01% BSA, and 0.05% Tween 20, adjusted to pH 7.5 using KOH) was added to the wells of a 384-well plate. The TR used in the assay was from Alan Fairlamb. Each plate contained a column (column 23) of negative controls that did not contain the TR enzyme. A 0.4-l portion of compound was then added to the test wells (columns 1 to 22), and 0.4 l of dimethyl sulfoxide was added to the negative-and positive-control wells (columns 23 and 24) . In the primary screen, compounds were tested at a concentration of 25 M using a Perkin-Elmer Life Sciences MiniTrak IX system with a V&P Scientific pin tool automated liquid-handling system integrated with a Perkin-Elmer Fusion alpha absorbance reader. Compounds were tested in triplicate in either a 5-point titration (fivefold serially diluted, with the highest dose in the assay tested at 100 M) or an 11-point titration (serially diluted 1 in 3, with the highest dose being 100 M). were then incubated for at least 15 min at room temperature. Just prior to the reading of each plate, 20 l of 300 M NADPH in assay buffer was added to all wells. TR activity was then determined by measuring the increase in the absorbance of the TNB ion at 410 nm kinetically over a 12.5-min period with 2.5-min intervals at room temperature. The quality of the assay results was monitored by determination of the ZЈ factor for each assay plate (53) (see Fig. 5 ). The percentage of inhibition of the enzyme by each varying dose of compound was calculated as 100
, where x is the slope of enzymatic activity after compound treatment, Ϫ is the mean slope of enzymatic activity for the negative controls, and ϩ is the mean slope of enzymatic activity for the positive controls. Fifty percent inhibitory concentrations (IC 50 s) were then obtained by nonlinear least-squares fitting of these data to the 4-parameter logistic plot equation
The activity of all hit compounds was verified by reorder of dry stock. The new batches were retested and were found to have reproducible activity. Their purity was also analyzed by liquid chromatographymass spectrometry, and all samples were found to be Ͼ90% pure. See Holloway et al. (23) for a summary of this screening campaign and details of the discovery of the 2-iminobenzimidazole class of TR inhibitors.
See the supplemental material for details of the in vitro assays conducted at the Swiss Tropical Institute (STI), a discussion of the conjugated-indole and iminobenzimidazole classes of compounds, and chemistry methods for representative synthesis of all compounds.
RESULTS AND DISCUSSION
Development of an assay to identify small-molecule inhibitors of TR. Our chemical compound library is a collection of approximately 100,000 compounds purchased from commercial vendors. The compounds in this chemical library were selected to provide "lead-like" chemical structures with a guiding philosophy that most successful drug development projects have started from leads that are smaller and more polar than the drug itself. "Lead-like" chemical structures were defined as simple molecular structures that are chemically nonreactive and synthetically accessible and that have "drug-like" properties. The 100,000 compounds in our "lead discovery library" represent a diverse set of molecules as judged by Tanimoto (T) dissimilarity analysis (T Յ 0.85), and although simple filters based on the Lipinski criteria were not used in the selection process, 89% of the compounds in the library are Lipinski compliant (34) and 81% conform with Oprea's criteria for "lead-likeness" (38) .
An automated screening protocol for TR was developed using the photometric assay described by Hamilton et al. (22) . An automated TR screening protocol was developed by adaptation of a coupled TR enzyme assay through Ellman's reagent-mediated regeneration of trypanothione. This coupled assay maintains a constant substrate concentration, which not only uses smaller quantities of reagents and increases sensitivity but also eliminates the depletion of the substrate by compounds, which would produce false-positive results.
The coupled-enzyme assay was used to measure the kinetics of the TR-catalyzed reaction. It was found that at TR concentrations as high as 8 mU/ml, the rate of absorbance measured was linear for at least 15 min, and a plot of the initial reaction rate (determined from the time course data) versus the enzyme concentration was also linear (Fig. 3) . This indicated that the initial rate conditions were being maintained over the time period of the assay.
To determine the K m app for T[S] 2 , the rate of TNB product formation catalyzed by TR (8 mU/ml) in a 50-l reaction mixture over 20 min at room temperature was measured. A K m app of 1.5 M was determined ( (See an early publication by this group [23] for more details about the screen.) An automated screening protocol for GR, based on our TR assay, was also developed. Higher concentrations of GR and glutathione disulfide were required because of their higher K m s. The assay determined the rate of TNB formation, which was measured continuously for 15 min at 410 nm in a 40-l assay volume at room temperature. Each reaction mixture contained the following constituents: GR (0.5 mU), glutathione disulfide (62.5 M), DTNB (100 M), the test compound (25 M), and NADPH (150 M).
HTS results. The primary screen of 100,000 compounds identified 120 compounds that inhibited TR activity by 50% or more at a concentration of 25 M. The potency of the 120 compounds was then determined by assaying compounds as 11-point titrations. These compounds had a potency range (expressed as the IC 50 ) of 1 to 67 M and contained 12 distinct structural classes. A focus set of compounds was then chosen by considering inhibitory potency, synthetic accessibility, and compound novelty. The focus set consisted of nine structural classes and 44 compounds, including 12 analogues of one structural class, and had a median IC 50 of 16 M. The biological activity of the focus set was further explored by whole-parasite and cytotoxicity assays conducted at the STI (41) , and based on their parasiticidal activities, five chemical classes were chosen for further investigation, which included preliminary ADME profiling and SAR probing. These five classes comprised aryl/ alkyl piperidines (compounds 1 and 2), basic benzhydryls (compound 3), nitrogenous heterocycles (compounds 4 and 5), conjugated indoles (compound 6), and iminobenzimidazoles (compound 7) (Fig. 6) ; they are discussed in more detail below.
Aryl/alkyl piperidines. Several compounds that inhibited TR contained an aryl/alkyl piperidine group, and two of thesecompounds 1 and 2-were selected for further investigation. Compound 1, an unusual thiourea, stood out as a promising potential lead series based on its TR-inhibitory potency (IC 50 , 1 M) and its unique, drug-like structure (Fig. 7 ). There were no other close representatives of this class either in the lead discovery library or available from commercial vendors. Therefore, a simple and versatile synthetic route was employed to resynthesize the original hit and access a small number of deletion analogues (Table 1) . The appropriate 1,1Ј-diimidazole derivative was utilized to couple two amines through an sp 2 -hybridized carbon atom (27) . Testing of the resynthesized hit (compound 1) by our in-house TR assay gave fairly good agreement with the library compound (IC 50 s, 3 M versus 1 M, respectively [ Table 1 ]). Replacement of the pyridine moiety with a phenyl group (compound 8) led to considerably weaker activity (IC 50 , 33 M), and replacement with a propyl group (compound 9) caused the loss of all detectable inhibition. Similarly, the direct urea analogue (compound 10) and a compound in which the phenyl group was replaced with a methyl group (compound 11) had no activity, indicating that the phenyl and sulfur moieties are also essential for activity.
The whole-cell screening results received from the STI indicated that the strong TR inhibition observed for the parent compound (compound 1) did not translate to strong antiparasitic activity (Table 2 ). This loss of activity may be due to metabolism in the cell or to transport issues, since significant biomolecular barriers need to be negotiated in order to achieve activity against the T. cruzi amastigote. Additionally, the high concentration of the substrate and the need to inhibit Ͼ90% of enzyme activity (31) may preclude manifestation of potent antiparasitic activity. It is also possible that the tautomeric thiol form of compound 1 could react with the TNB anion in the assay through formation of a disulfide link, falsely giving an apparently positive readout for TR inhibition, although the high DTNB concentration (100 M) makes this seem unlikely. More plausibly, disulfide formation could occur with dihydrotrypanothione (substrate concentration, 6 M) or enzyme cysteine. The sharply negative SAR suggests that specific engagement with TR may be relevant, which is good from a drug development perspective except for the fact that the reducing environment of the cell in T. cruzi may preclude the possibility of ever observing antiparasitic activity through this mechanism of action. A further complication is the presence of 0.2 mM 2-mercaptoethanol in some antitrypanosome assays, such as the T. brucei assay, which would react with any thiol-reactive compounds, thereby effectively creating a new and different compound. Ultimately, the focus of this research campaign was moved away from this class of compounds. Another compound in the piperidine chemical class that was of some interest is compound 2 (Fig. 7) . Although this compound showed very mild TR inhibition (52 M), it displayed quite potent antiparasitic activity against T. brucei (0.9 M) ( Table 2 ). This jump in activity may be due to compound 2 acting on a target different from TR. In this context, it is interesting that certain quinuclidines with trypanocidal activity have been reported to act as squalene synthetase inhibitors (10) .
Basic benzyhydryls. A structurally distinct compound was a basic benzhydryl derivative, compound 3 (Fig. 8) . This compound killed T. cruzi both potently and selectively (Table 2) , although this killing does not appear to correlate with the relatively weaker TR inhibition. The assessment of early ADME profile and development potential indicated an intermediate rate of degradation in human liver microsomes, consistent with a moderate rate of hepatic clearance in vivo. The microsomal test system provided no evidence for susceptibility to primary glucuronidation (i.e., phase II metabolism) ( Table  3) . Compound 3 was assessed as having good "drug-like" properties based on a mixture of in silico and experimental methods. In addition, its low polar surface area indicates that compound 3 is a potential candidate for passive permeability through the blood-brain barrier (Table 3) were identified for further investigation (Fig. 9) . Two distant analogues of the 1,2,4-triazine (compound 4) were purchased (compounds 12 and 13) (Fig. 9 ) and tested but did not display detectable TR inhibition (Table 4) , indicating the importance of the dimer functionality for activity against TR. The 1,2,4-triazine (compound 4) did display antiparasitic activity against T. cruzi (Table 2) but was more potent against T. brucei and Leishmania donovani and was particularly potent against Plasmodium falciparum, without being overtly cytotoxic. As with other classes of TR hits, it seems unlikely that the mechanism of action involves TR. Quinazoline (compound 5) was a mild inhibitor of TR, which corresponded to mild antiparasitic activity in all three whole-cell screens and with a poor selectivity index over nonspecific cytotoxicity ( Table 2 ). The early ADME profile and development potential of the quinazoline series was assessed by the Centre for Drug Candidate Optimisation. The original hit (compound 5) was out of stock from our chemical vendors, and therefore a close dihydropyrimidine-containing analogue (compound 14) (Table 3 ) was used. The quinazoline (compound 14) was predicted to exhibit a high in vivo hepatic clearance rate. A putative "metabolite" of compound 14 (Pϩ18) was detected in control samples (microsomal samples without NADPH) and the acetonitrile-water stock solutions. This breakdown product was postulated to be caused by the hydrolysis of the imine moiety due to chemical instability.
Upon incubation of compound 14 in human liver microsomes with NADPH, multiple putative mono-oxygenated (Pϩ16) and dioxygenated (Pϩ32) metabolites were observed. There was no additional metabolism or change in the metabolite profile when compound 14 was incubated in the presence of both NADPH and UDP-glucuronic acid, suggesting that this compound does not undergo primary glucuronidation (i.e., phase II metabolism). Metabolism issues aside, quinazoline (compound 14) was judged from its physicochemical profile to have good "drug-like" properties based on a mixture of in silico assessment and experimental results, but these results are dependent on the tautomeric form of the compound chosen for evaluation ( Table 3 ). The in silico assessment of the hydrophilic tautomer (Table 3 , compound 14, form B) was more consistent with the high experimentally determined solubility at both pH 6.5 and pH 2.0, suggesting that this may be the energetically preferred form, although many factors can influence the tautomeric distribution.
A small number of analogues in the quinazoline class were sourced from the lead discovery library, purchased from chemical vendors, and synthesized in-house (Table 4 , selected compounds). Analogues were synthesized by subjection of the relevant aniline to Skraup reaction conditions at a high dilution, which gave the corresponding 1,2-dihydro-2,2,4-trimethylquinoline (16) ( Table 4 ). Conversion to the hydrochloride salts and treatment with dicyanamide gave the substituted 4-methylquinazolyl-2-guanidines (50). Subsequent treatment with acetylacetone gave the corresponding pyrimidine (47); however, nonoptimized treatment of the substituted 4-methylquinazolyl-2-guanidines with mesityl oxide failed to give the corresponding dihydropyrimidine under the conditions specified in the literature (45) . Analysis of the activities of the analogues in the quinazoline class against the TR enzyme (Table 4) revealed that some changes in the substitution on the quinazoline ring could be tolerated without significant loss of activity (IC 50 was observed when the dihydropyrimidine moiety (X ϭ A) was replaced by a more stable pyrimidinol/pyrimidinone (X ϭ B) (compound 16), pyrimidine (X ϭ C) (compounds 17 and 18), or guanidine (X ϭ D) (compounds 19 and 20) moiety (Table 4) . The early SAR results suggested that the dihydropyrimidine moiety is essential for TR-inhibitory activity; however, the microsomal metabolism assessment suggests that this is a chemically unstable moiety that is rapidly metabolized. Two of the more stable analogues (compounds 20 and 17) were sent with compound 5 to the STI for testing in the whole-cell parasite assays ( Table 2 ). The guanidine analogue (compound 20) essentially lost antiparasitic activity, but the pyrimidine analogue (compound 17) retained significant activity, indicating that this antiparasitic activity may be occurring through a mode of action different from TR inhibition.
Conjugated-indole and iminobenzimidazole compound classes. The conjugated-indole class of compounds, exemplified by compound 6, and the iminobenzimidazoles, exemplified by compound 7, exhibited potent activity, in particular against T. brucei ( Fig. 6 ; Table 2 ). There is an apparent mismatch between the level of this activity and the observed TR-inhibitory activity. Ultimately, these classes were deprioritized, due mainly to concerns about their selectivity profiles. A fuller discussion of these classes, as well as useful predictive ADME data, is contained in the supplemental material.
Significance. HTS technology was applied for the development and automation of a TR (from Trypanosoma cruzi) assay in order to identify trypanocidal compounds selective for T. cruzi. This effort led to the identification of five unique chemical classes of putative TR inhibitors from the lead discovery library. These compound classes were designated aryl/alkyl piperidines, basic benzyhydryls, nitrogenous heterocycles, conjugated indoles, and iminobenzimidazoles. They were investigated further through a combination of preliminary ADME profiling, SAR probing, and activity profile analysis in the form of antiparasitic activity and cytotoxicity. We found that many of these compounds also displayed potent antiparasitic activity but that this tended to be against T. brucei or P. falciparum rather than T. cruzi. Moreover, the degree of antiparasitic activity was more potent than could be readily explained by the enzyme inhibition assay data. It is difficult or foolhardy to quantify the extrapolation from enzyme inhibition data into expected antiparasitic activity, but as a general rule, the IC 50 s for the latter would be expected to be several times greater than those for the former, because at the very least, the compound has to contend with transport through membranes and serum protein binding. In the cases reported here, such as that of compound 1, the observed antiparasitic activity was as much as 200-fold greater than the values obtained from the TR inhibition assay. For all these reasons, it is most unlikely that a The relative loss of the parent compound and the formation of metabolic products following incubation in human liver microsomes were determined by liquid chromatography-mass spectrometry. The concentration of the test compound versus time was fitted to an exponential decay function to determine the first-order rate constant for substrate depletion. This rate constant was used to calculate the in vitro intrinsic clearance (CL int ) and the hepatic extraction ratio (E H ). the most potent antiparasitic activities observed are mediated via TR inhibition (8) . However, it should be noted that these outcomes do not in themselves tarnish TR as a valid trypanocidal target. Our HTS library was designed to contain simple, low-molecular-weight compounds that might bind only relatively weakly in the low micromolar range to target proteins but that are also highly optimizable. Screening hits that are on target at the low micromolar level of enzyme inhibition, such as those observed here, may be unlikely to exhibit antiparasitic activity until their enzyme inhibition activity is optimized. Overall, in our experience of many projects at the Walter and Eliza Hall Institute of Medical Research Biotechnology Centre, we have not generally observed target-mediated cell-based activity until molecular potency values reach submicromolar levels. Heavy prioritization in this program was placed on the degree of trypanocidal activity exhibited by nonoptimized screening hits over and above the degree of their TR-inhibitory potency.
We believe that there is room for further discussion around this issue so that target-based drug discovery programs can be constructed optimally to judge target validity as one of the main research outcomes. This would require much earlier medicinal chemistry optimization, prior to exhibition of antiparasitic activity, than is often deemed to be acceptable at present. Without this, the success of the target-based approach may be judged in an unfairly harsh light compared with that of wholeorganism screening-based approaches.
An entirely unexpected outcome of this program was that a number of compounds exhibited potent antiparasitic activity. We anticipated that, if anything, nonoptimized screening hits from this campaign would at best manifest as an occasional weakly active compound selective for T. cruzi. Whether the triage of compounds via the TR assay has resulted, for unknown reasons, in an enriched compound set endowed with potent antiparasitic activity independent of TR inhibition remains to be established. Regardless of the mechanism of action, the observation of potent antiparasitic activity is interesting and potentially therapeutically relevant in its own right. We hope that the selectivity profiling, hit-to-lead research, and predictive ADME data that we report here will be of interest and benefit to the neglected-disease community. We note that the basic benzhydryl class has been selected as one of only a few compound classes to undergo lead optimization by the Drugs for Neglected Diseases Initiative-funded Chagas Consortium, which was established in 2008 with key partners in Australia and Brazil. 
